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Abstract
Robotics and automation are the multi-billion dollar future of farming, but many
labor-intensive tasks including bug and moisture control are still performed by hand. The
new RoboVac toolkit will streamline and economize these operations as one neat
compact system. It is a fully electric bug vacuum solution that is intended for pest
management on various crops. For this project, it was tested on chives. It features a
retrofitted leaf blower repurposed into a vacuum, mounted onto a portable modular
aluminum frame with efficient electronics that can be easily integrated into an
autonomous vehicle platform. The intended future operation platform will be the RSL’s
AgRover. This system outperformed existing gas-powered solutions by an 8% higher bug
capture rate.
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1. Project Introduction and Field Research
This section introduces the problems faced by farmers including labor shortages,
environmental issues, and crop management that inhibit adequate produce growing to
meet US consumer food demands. It also features current solutions that have potential to
solve these problems but with drawbacks. Lastly, project objectives are defined to move
forward with the new solution.
1.1 Introduction
California alone has an annual $49.1 billion in agricultural cash receipts, making
the farming industry one of the most significant in the state. With the highest farm real
estate value in the country at an estimated $10,000 per acre compared to an average of
around $6000 in many midwestern states [1]. Farmland continues to be a valuable asset
that should be maintained to continue providing the agricultural utility that adorns our
refrigerators and dining tables. Farming can be a very challenging and intensive
profession that requires the help of lots of hands. Entire operations might include working
and preparing the land, seeding, fertilizing, routine plant care and maintenance (pruning,
weeding, additional fertilizing etc.), harvesting, and re-prepping the soil for another
growing season. The list of procedures continues to grow with organic operations that
refrain from using pesticides and other labor-saving chemicals. Although many of these
tasks have become mechanized with the evolution of tractors and other farming machines
over the last 180 years, many jobs still require human interaction, especially for work
inside greenhouses. Finding people who are willing to complete the work under strenuous
working conditions at minimum wage is another challenge. Fortunately, like many
industries, farming is shifting towards autonomy and robotics to solve labor sourcing
issues, reduce the challenges of manual work, and further streamline food production.
1.2 Labor Shortage
Current labor shortage trends are one of the main factors posing the challenge of
finding willing and able farm workers. In fact, "40% of farmers in the past five years
have been unable to obtain all workers" needed to efficiently run their harvesting
1

operations. This is troublesome because the Golden State's agriculture sector generates
50% of fruits and vegetables and over 90% of almonds and pistachios for the United
States [2]. Even in 2021, labor shortages were still a prevalent problem across the U.S.
Farm owners raised their wages and introduced benefits, like overtime payments, because
“U.S. farms and livestock operations employed 11% fewer workers during one-week
periods this past January and April compared to the same weeks in 2020.” [3] As
consumer demands remain high, farmers have few options: working short-handed,
changing their types of crops grown, decreasing the scale of their operations, absorbing
the financial and material losses, or leaving the business entirely.
Pest control is one of the most labor intensive tasks that threatens large material
and financial losses if not well staffed. In the California Central Coast, farms have lost
over $13 million-dollars in revenue because of labor shortages. [4] The lygus bug and
thrip are two of the worst culprits, which the project was designed around. They are
notorious for infecting and defacing strawberries (catfacing) and other plants making
them unsellable. Both are resistant to most pesticides, a zero option for organic growers.
As mentioned earlier, new smart and autonomous technologies are being
developed to overcome the obstacle of labor shortages. For example, a recent robot was
developed to harvest blueberries cutting harvesting time by 43% and saving $136 per
acre [5]. These are substantial figures, which show autonomy has the potential to work
more efficiently reducing the possibility of waste from unpicked crops. In addition other
benefits include reducing injuries and creating a safer working environment [5], job
creation for high salary engineers and technicians to design and maintain these systems,
and reducing environmental footprint (assuming most of these systems are either fully
electric or run on a clean energy source).
1.3 Environmental Impact
It is widely accepted in the public eye that the world is undergoing climate
change. Shifting weather patterns, the endangerment of animal species, increasingly
destructive natural disasters, and the significant reduction of natural resources are
examples of general trends associated with the dramatic change. In California, longer
droughts and shorter rain seasons have led to wildfires incessantly growing every year.
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Last August there were hundreds of lightning strikes that caused many wildfires, most
notably the LNU Lightning Complex, which was active for 46 days and burned 363,220
farming acres across Napa, Sonoma, Yolo, Solano counties [6]. Wildfires pose a
significant challenge to farmers who cannot elude them since there is no protocol that
navigates the effects of wildfires [7]. Aside from the obvious destruction of soil biota and
devaluement of farmland, these fires also pose significant health long term risks. They
release the pollutant PM2.5 which has long term health problems, creating a hazardous
working environment. Although not as significant of a contributor as burning fossil fuels,
California wildfires are part of a larger cycle of climate change. The changes in weather
patterns combined with severe droughts lead to the wildfires which influence the water
shortage issues experienced the next year. The issues posed by wildfires have forced
farmers to shorten their growing seasons and rotate crops based on water availability.
This further justifies the need for advanced farming technology which can aid with these
transitions, helping to grow crops more efficiently with less water and harvesting them
while avoiding the effects of wildfire season.
1.4 Existing Solutions
As mentioned earlier, insect infestations (see Figures 1.1 and 1.2 below) are a
huge problem for farmers, costing thousands of dollars in insecticide purchases or
alternative insect control and crop loss.

Figure 1.1: Examples of lygus bugs at various stages of development [8]
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Figure 1.2: Thrip infestation on onion plant [9]

Many pesticides tend to be ineffective, harmful to consumers’ health, or are a zero
option for organic farms. Fortunately, chemical free solutions have been in development
since the 1980s. They have been used for “lettuce, strawberries, artichokes, grapes,
potatoes, celery, and cole crops" [10]. California company BugVacTM is one solution on
the market currently used by Driscoll Strawberry Associates, Inc. to remove lygus bugs
off of their crops. This solution is a triple-barreled gas powered vacuum tractor
attachment which moves side-by-side down a crop bed sucking bugs off the surface of
premature berries [11].
In 2018, California Strawberry Commission (CSC) developed a new bug vacuum
(shown in Figure 1.3) that has increased efficiency of bug management "from 2-3% to
over 15% update" [12] from a previous model from 2017. Their double barrel hydraulic
Bug Vacuum can suck Lygus bugs "by 2.3 times that of [conventional] vacuums”. This
was accomplished using a unique vent design which ensures a 2% bug survival rate and a
circular air duct design maximizing fan efficiency. A few downsides of these field
vacuum units include inability to adapt to a wide field of crops, high development and
production cost, ineffectiveness at collecting large insects, the requirement of a dry
runway, and a large physical footprint which can potentially damage soil and/or spread
mold and mildew.
4

Figure 1.3: Cal Poly Double-Barrel Bug Vacuum [13]

Even for California farmers, lettuce had issues because most malevolent bugs live
in lower parts of the crop. Additionally for the case of this project, the majority of
vacuums are gas powered and human operated, which are the main issues which the team
was trying to solve with an electric robot tool attachment.
1.5 Customer Needs
The project was completed in conjunction with Santa Clara University’s Robotic
Systems Lab (RSL) and local organic produce growers, Jacobs Farms Del Cabo.
Throughout the year, the team consulted the clients for guidance as needs evolved. Such
changes were one factor influencing a redefinition of the design problem and the scope of
the project later in the year. In initial meetings during the Fall of 2021 (September November), the RSL had expressed a need for a device that would attach to the AgRover
chassis and a device that would improve from previous teams’ attempts at robotic
farming devices. Attaching to the AgRover entailed maintaining modularity and
compatibility with the T-slot frame construction and electronic sources available on the
chassis. Jacobs Farm had requested that the new device would remove insects and
moisture from their crops (dual purpose), require minimal supervision during operation,
adapt to different types of plants, and run on clean energy. The most important of these
needs regards the removal of insects and moisture. Excessive moisture on plants disrupts
5

harvest weight which is key to the distribution of the crop. Current solutions often
involve farm crews waiting for the crops to sun-dry or using time-consuming operations
with handheld leaf blowers, delaying harvesting times and setting back operations. As
mentioned in previous sections, insects also impose a serious threat to farming
productions by damaging crops, causing high crop losses which evolve into revenue
losses.
After visiting the Jacobs Farms Watsonville location during the Spring of 2022
(April - May) and speaking with farmer and owner Larry Jacobs, the team had obtained
additional needs. He explained that he wanted to focus on thrip bug control on plants
inside his greenhouse. This differed from his original needs which included controlling
insect populations and moisture levels for his strawberry growing operations outside.
With these updated needs our team was set to focus on building a single device to remove
insects from greenhouse plants, departing from the initial objective to create a dual
purpose integrated system with moisture blowing and bug suction capabilities. Figure 1.4
below is a picture of Mr. Jacobs operating the vehicle currently used for bug removal
inside the farm greenhouse.

Figure 1.4: Current Bug Vacuum being used at Jacobs Farms

It is a custom built gas powered unit which uses hydraulic motors for propulsion
and to power the vacuuming system fan. The concept of operation is similar to other
tractor-attached units discussed above in the existing solutions section. Quite simply, it is
6

a scaled down model for single crop beds and greenhouse use. The vehicle passes over
the crop beds while generating an air vacuum that lifts insects off of plants. While talking
to Mr. Jacobs, the team learned that this device required several passes to effectively
remove the desired amount of insects from the greenhouse plants, indicating that the
current method lacks efficiency. Ideally the device would remove the same amount of
insects with a single pass, therefore completing the task much faster and with less energy
expenditure. However due to design limitations and engineering experience this could not
be achieved when this vehicle was originally manufactured nearly 20 years ago.
Therefore, the ultimate need was to develop a device which would outperform the Jacobs
Farm bug vacuum.
Figure 1.5 below depicts the platform which this new tool attachment will be
mated with and operated on. It was designed by previous Senior Design teams. It was
originally designed for deployment in outside crop beds but can be resized to work inside
of a greenhouse environment. It features intelligent systems which direct the travel of the
robot, its operating speed, and its recognition of objects/obstacles present in its
environment. Since it is electric, it does not produce any harmful exhaust fumes which is
beneficial to the health of the workers inside the greenhouse.

Figure 1.5: Robotic Systems Laboratory (RSL) AgRover
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1.6 Project Objectives
The agriculture industry in California is suffering from labor shortage,
environmental changes, and harmful insects destroying their crops, costing them millions
of dollars in losses. Not addressing these problems will cause food production to drop
and prices to rise. However, these great challenges have opened job opportunities for
engineers and technicians and given way for tech to enter the agriculture industry.
Robotics can automate tasks such as controlling pests and water on plants, effectively
saving time, resources, and production values. The objectives of this project included
developing a proof of concept for a fully electric robot tool attachment that will remove
insects from plants inside the greenhouse at Jacobs Farms in Watsonville. It will be
mountable to the existing RSL AgRover, taking advantage of a low cost, labor saving,
autonomous robot platform that can operate more efficiently than a manned operator.
Since the device is electric, it will have a low environmental impact with no exhaust
fumes, which will especially benefit workers inside the greenhouse. Finally it will be
adaptable for the various plants, and work much more effectively than Jacobs Farm’s
current bug vacuum. Model validation will be data driven by bug collection rates and
making comparisons to Mr. Jacobs’s device in Watsonville, CA.

8

2. Proposed Solution
This section outlines the team’s process and philosophy for developing the
RoboVac solution. It delves into the performance of existing solutions and translates
those characteristics into requirements that the system must fulfill in order to satisfy the
clients’ needs while remaining competitive. These requirements set the foundation for the
team’s proposed solution, which expounds on how RoboVac will achieve the established
requirements.
2.1 Existing Solutions and Benchmarked Results
The existing solutions mentioned in section 1.4 present promising results and
potential for the future of bug vacuuming. The most notable product is the Double Barrel
Bug Vacuum developed by CalPoly Strawberry Commission in Figure 1.3. This device
continues to be improved compared to the Beetle Eater or BugVac which have remained
technologically stagnant, dated, and lack performance benchmark information.
Successive CalPoly Double Barrel Bug Vacuum generations have increased insect control
efficiency through aerodynamics. For one iteration, engineers installed a 6 in riser
between the top of the duct and the steel baffles. This bypassed some of the air to the
sides, avoiding potential blockages from the filters, and significantly increasing airflow
speeds. Moveover, this helped the captured insects maintain an upward trajectory. After
these new modifications, data from CalPoly showed only 2% of lygus bugs survived the
impact to the perforated sheets. This new Double Barrel Bug Vacuum removes 2.3 times
more bugs in a single pass compared to other conventional vacuums. Another important
takeaway from the existing solutions researched was tractor traverse speed. CalPoly
BugVac developers found 2 miles per hour (MPH) was the best speed to efficiently
remove bugs. Additional trials were completed at 2.5 and 3 MPH which resulted in
reduced efficiency. Speeds lower than 2 MPH had no greater effect.
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2.2 System Requirements
Table 2.1 shows RoboVac's system requirements for stakeholders Jacobs Farm
and the RSL. Each subsystem is marked with goals and benchmarks. RoboVac was
predicted to execute the following target requirements.
Table 2.1: System Requirements
Vacuum
Tubes

Total Weight less than 2 kg

Leaf Blower
Retrofit Air
Intake

Create a fully electric vacuum and no prevent air leakage

Tube length 23.5 inches

Total Weight less than 18 kg
Modularity with attaching different types of pipes for various crops
Frame height is adjustable between 23 to 32 inches for different plant
heights.

Frame

Durable material to protect from rough environment (corrosion, UV light)
Total Weight less than 40 kg

System +
Electronics

5-10% higher bug capture rate than Jacobs Farm current bug vacuum
Powered by existing rover battery
4-5 Hours autonomous run time
Assembled from COTS parts: manufacturable/reproducible (<$500/unit)
Overall Weight less than 100 kg
Mechanically compatible with AgRover platform

2.3 Proposed Solution
The duration of the project saw two different proposed solutions exhibiting a
design evolution which was the result of various iterations of prototyping, testing, design
revision, and retesting. The first of the proposed designs was an attempt to create an
electric version of the commercial gas powered designs from Coastal Tractor and the
CalPoly Strawberry Commision (CSC) as shown in Figure 2.1.
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Figure 2.1: First proposed solution assembly

This included implementing similar air impeller (Figure 2.2), air ducting designs
(Figure 2.3) and geometry that would scale down and fit the physical footprint of the
existing RSL AgRover.

Figure 2.2: First design impeller
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Figure 2.3 (a. (top) & b. (bottom) ): Sheet metal assembly drawings for flange (a) and lofted nozzle (b)
of ducting.

Several iterations of the impeller and duct designs were modeled in
SOLIDWORKS and evaluated using Flow Simulation, the Computational Fluid
Dynamics (CFD) solution embedded in the program. Figure 2.4 displays the results from
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the initial CFD simulations used to select an appropriate electric motor to power the final
design as well as a prototype motor.

Figure 2.4: Initial CFD simulations

There were a few concerns regarding the proposed final assembly motors
including a high voltage hazard ( >50V SCU EHS requires additional advanced level
training) and whether the motor’s performance would scale linearly with power
requirements demanded by the CFD analysis. The safety report and EHS standards is
found in Appendix A. To fully verify the results of the CFD, an initial prototype was
constructed via 1:6 scaled down 3D prints of the system. The prototype was tested for air
speed performance via an anemometer as shown in Figure 2.5.

Figure 2.5: Initial prototype testing with anemometer

Additionally simulated water droplet removal tests were performed by spraying
artificial plants with misted water and passing the prototype impeller-duct assembly over
13

the plants. Moisture removal was measured via an Adafruit STEMMA Soil Sensor - I2C
Capacitive Moisture Sensor and also visually. The results of these tests demonstrated the
ineffectiveness of the initial design at removing water from plants even when CFD
performance parameters such as airspeed were replicated on the prototype scale. In
addition, a small side test was conducted using a 2.8 horsepower (HP) wet/dry shop vac
shown in Figure 2.6 below in order to physically verify the necessary electric power and
airspeed to remove water droplets.

Figure 2.6: 2.8 HP Stanley shop vac

A wet/dry shop vac is already an existing solution that can remove water via an
electric motor which will power the RoboVac project. Following a successful test, a near
equivalent electric motor with output power in kW was selected. A matching impeller
was also selected based on size and low motor stalling potential. Appendix B presents the
hand calculations made to verify the torque requirements of the motor. Unfortunately the
selected motor and alternatives either exceeded or were too close to the 50V maximum
allowed by the SCU School of Engineering (SoE) for Senior Design projects.
Additionally with the prototype tests and other concerns regarding hardware limitations
and manufacturing resources, the team was not confident a functional electric design
similar to Coastal Tractor and CSC could be attained. This led to a major revision of the
design which is seen in the second proposed solution used for all field tests described in
section 4.
14

The second proposed design was developed from existing electric solutions,
therefore eliminating the need for additional CFD and prototyping which would threaten
completion of the project. This second iteration was completed during the spring quarter
with limited time for any additional prototype scaling. During this period, the team also
visited the Watsonville location of Jacobs Farm where updated customer requirements
were received. The client had expressed a desire to focus more on bug removal over
moisture control. This new information along with time constraints necessitated the need
to revise the design philosophy - construct an electric vacuum tool attachment that will
remove bugs. Thus, the project shifted to focusing just on a vacuuming unit over a
combined vacuum and blower kit. Although the current design has primarily been tested
for vacuuming, there is still the possibility of repurposing the air exhaust port into a
blower unit. This will require additional work which is mentioned in the future work
section of the conclusion. This new system was developed by repurposing the air intake
section of an electric leaf blower into a vacuuming unit using Ryobi model 40V HP
Brushless Whisper Series 165 MPH 730 CFM backpack leaf blower. The modifications
made to accomplish the rebuild are further discussed in the Subsystem Breakdown &
Analysis section, and the final result is shown in Figure 2.7 below.

Figure 2.7: RoboVac integrated with RSL’s AgRover
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2.4 Subsystem Overview
The subsystems which comprise RoboVac include vacuum intake tubes, a custom
retrofit air intake for the leaf blower, operational electronics, and a frame. Each of these
components allow RoboVac to complete insect removal operations along critical sections
of plants. The vacuum tubes consist of COTS ¼ inch PVC pipes which can be commonly
sourced from most hardware stores. They were cut to different lengths with different
arrangements of holes drilled into them to achieve the suction needed to remove a variety
of insects on different parts of plants. These tubes are the first component to touch the
plant when the full system is deployed in the field. They interface with the custom retrofit
air intake via PVC couplers glued into the nozzle, delivering intake air and captured bugs
to the rest of the system. These couplers can be modified to accommodate different
approach angles which will be useful for different plant types. The retrofitted air nozzle
helps to maximize the vacuuming power of the vacuum tubes. It is a custom designed 3D
printed component, sectioned to accommodate for 3D printer bed dimensions. It features
three tube inlet ports near its narrowest side at the bottom and slowly tapers outward
going up. It meets with the base of the leaf blower intake section, where it is sealed with
tape. The newly repurposed leaf blower could not be controlled with its existing
electronic systems, so additional electronics were ordered. The input power requirements
were quite substantial requiring the use of a 24V marine battery, a 60 amp auto fuse, a
100 Amp Brushless Smart ESC, and a RC Motor Servo Tester (functions like a
potentiometer). All of these were specially ordered from Amazon. This new array of
electronics allowed the team to control the airspeed and power output of the system,
which was very useful for testing and will also be applicable once the system is deployed
for different plants. These electronics are liable to change once RoboVac is installed in
the AgRover. A custom frame made from T-slotted aluminum (commonly 80/20) was
built to house all of the subsystem components for RoboVac. The frame has been through
many iterations as the project evolved. 80/20 is strong and durable and is the same
building material featured in the existing AgRover frame. It also creates many placement
and configuration options as the tool attachment is being integrated into the rover. The
initial concept of operations is itemized in the diagram below in Figure 2.8.
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Figure 2.8: Front View of Subsystem Breakdown

Figure 2.8 shows how RoboVac will be deployed once attached and integrated into the
AgRover. The light gray sections depict existing structures in the AgRover, which will
move over a single plant bed at a time. The modified leaf blower will be suspended over
the plants with the vacuum tubes contacting critical locations on the plant with insect
concentrations. The RoboVac frame or AgRover frame and vacuum tubes may be
readjusted e.g. raised/lowered or reconfigured e.g. add/subtract pipes/connectors
depending on the plants being treated. As the AgRover passes through the plant bed bugs
will be removed.
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3. Subsystem Breakdown & Analysis
This section breaks down the RoboVac solution into four subsystems: Vacuum
Tubes, Leaf Blower Retrofit Air Intake, Electronics, and Frame. Each section discusses
elements of the design process and validation with great scrutiny for each individual
subsystem to demonstrate its ability to meet the greater system requirements.
3.1 Vacuum Tubes
3.1.1 Introduction
After considering different conceptual designs and testing for a one-size-fits-all
solution, the team reapproached the bug-capture method with a design philosophy of
optimizing for different crop types. During the initial visit to the Watsonville greenhouse,
the field workers focused the team’s attention on chives. The infestation thrips were
observed to be concentrated around the base and midsection of the crop. This conceived
the idea to create a tube capture device which would interact with the entire stem of the
crop. This was implemented by drilling several equally spaced holes radially and along a
piece of PVC tube. These pipes were designed to comb through the chive stems, agitating
the crops and thus loosening the thrips, which were then vacuumed upward and captured
in the system.
3.1.2 Initial Testing and Development
An initial proof of concept was created and mounted onto a portable DeWalt 20V
shop vac, as shown in Figure 3.1, before proceeding with optimized iterations. This
iteration had ¼ inch diameter holes spaced out by ¾ of an inch drilled through 5 times on
one side, turned 90°, then drilled through 4 times at a ¼ inch offset compared to the last
set. This resulted in a tube with 20 holes along 3 inches of the PVC pipe section.The
second iteration, shown in Figure 3.2, was designed to achieve more consistent suction
along the length of the tube by considering one side is capped and the other acts as a fluid
sink.To achieve consistent suction with this considered model, the hole diameter must
decrease as the holes approach the sink side.
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Figure 3.1: First iteration of the vacuum tube attached to DeWalt shop vac

The same fabricating process as the first was employed, except with the hole
diameter decreasing by 1/16” of an inch after every 5th hole and by changing the hole
spacing to 2 inches. Testing with the second iteration showed limitations with the tube
cluster arrangement angle (see figure 3.2 below) where half of the drilled holes would not
vacuum against the chive stems.

Figure 3.2: Second iteration of the vacuum tube

Figure 3.3 shows the final iteration, fabricated with holes drilled the same way as
the last iteration but in only one quadrant, or one quarter section of surface, of each pipe.
This allowed for vacuuming to only occur against the stem of the chives rather than in
free air.
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Figure 3.3: Third iteration of the vacuum tube

3.1.3 Expected System Requirements
To ensure that the vacuum tubes met the needs of vacuuming through chives in
the Jacobs Farm greenhouse and demonstrate proof of concept, a list of system
requirements for the vacuum tubes subsystem was composed into Table 3.1. These
requirements serve as a baseline to effectively suck thrips off of chives. They are based
on worker interviews and measurements taken inside the greenhouse.
Table 3.1: Vacuum Tubes Subsystem Requirements
Category

Requirements

Weight

<2kg

Pipe length

23.5 in

Pipe Diameter

0.5 in - 0.75 in

Number of Pipes

≥3

3.1.4 Alternatives and Tradeoffs
The selection of PVC piping was driven by frugality, ease of modification, and
availability. Utilizing COTS brass and threaded steel pipes and fittings were considered
in Table 3.2 below, however PVC piping and fittings are far cheaper to procure and
reconfigure. Moreover, the weight of the brass and steel pipes would exceed the expected
system requirements in Table 3.1, impacting the design’s mobility. 3D printed tubes were
also considered because of their versatility in design, granting design flexibility that
would treat the crops more gently and the possibility of equation-driven hole patterns.
However, materializing these iterations did not fit within the project time constraints.
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Table 3.2: Tube Design Options
White PVC
Schedule 40
Length per unit
Diameter
Weight
Price per unit
(Home Depot)

Threaded Brass
Pipe with Polished
Brass finish

Threaded Black
Steel Pipe

24 in

24 in

24 in

0.75 in

0.5 in

0.75 in

0.204 kg

1.13 kg

0.856 kg

$3.49

$111.57

$12.95

3.1.5 Final Design
The final design, shown in Figure 3.4, was the third iteration of the vacuum pipes.
There are three sets of PVC tubing that comb through the chive crops at a 45° angle, with
successively smaller holes drilled radially in one quadrant of the tube. This design was
successful during field testing, which is discussed in the System-Level Integration,
Testing, & Results chapter. While adding additional sets of tubing was considered,
maximizing the targeted crop area, it would lead to a decrease in vacuuming performance
with the current air intake and electronics setup. Therefore, three sets of tubing was
maintained with a good balance of target area and vacuuming performance.

Figure 3.4: Final Design of Vacuum Tubes Subsystem
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3.2 Leaf Blower Retrofit Air Intake
3.2.1 Introduction
The team opted to modify an electric leaf blower to generate the vacuuming
power required to remove the desired amount of bugs. A leaf blower is an existing
solution which is mechanically optimized to generate high volumes of air in one
direction, a forward and blowing motion. However, taking advantage of its high volume
air intake and modifying it was a solution that converted the leaf blower into an effective
vacuum. This was achieved by designing a special air intake nozzle maximizing upward
vacuum flow.
3.2.2 Initial Testing and Development
Before fully investing in an electric vacuum solution, a small scale prototype was
constructed for validation of suction power and to test the vacuum tube subsystem. A
20V DeWalt shop-vac with a single vacuum tube attached (shown in Figure 3.5) was used
in Jacobs Farm’s greenhouse in Watsonville to complete the tests.

Figure 3.5: DeWalt shop-vac used for testing

This initial prototype successfully removed bugs in the greenhouse, demonstrating the
effectiveness of the vacuum tube concept and setting a qualitative baseline for selecting a
larger and more powerful system.
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3.2.3 Expected System Requirements
The leaf blower's primary requirement was to generate enough suction to vacuum
thrip bugs off of chive plants in the Jacobs Farm greenhouse. Based on the greenhouse
side tests with the handheld DeWalt vacuum and careful consideration with the design
team additional requirements were developed to make the leaf blower an adequate bug
vacuum. Table 3.3 lists them below and their team-rated priority.
Table 3.3: Leaf Blower Retrofit Air Intake System Requirements
Requirement

Priority

Provide adequate amount of suction to
remove thrips

HIGH

Modularity with attaching different types
of pipes for various situations

HIGH

Easy to manufacture

HIGH

≥3 PVC vacuum tubes

MEDIUM

Provide adequate amount of suction to
remove a range of bugs

LOW

ABS or UV resistant custom parts for
entire subsystem

LOW

3.2.4 Analysis and Design Process
Based on the system requirements listed in Table 3.3 above and team parts
sourcing efforts, the Ryobi 40V HP Brushless Whisper series 730 CFM backpack blower
kit was selected (shown in Figure 3.6). This model was particularly attractive because of
its high COTS availability and its high power, which was 60% more power than other
Ryobi models. The Ryobi brand was selected because it offered the best options for price.
However, this component was one of the more significant project costs as denoted in the
Bill of Materials, Appendix C.

23

Figure 3.6: Ryobi backpack leaf blower kit

In order to convert the air intake system into an effective vacuuming unit, a
sealing device was required to enclose the impeller section where air flows through the
intake vents and into the blower chamber (see Figure 3.7).

Figure 3.7: Impeller of Ryobi leaf blower after deconstruction

Due to the placement of the existing motor and electronics connections, the team
decided it was best to create an enclosure which would pass over the motor and seal over
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the base of the impeller chamber, the white plastic cage enclosure. This enclosure was
based on a conical or funnel shape in order to maximize vacuuming suction, adapt to the
diameter of the vacuum tubes, and overcome the physical obstacles of the existing
electronics. In addition, a cone shape helped to minimize air flow losses or drag because
of the absence of tight corners or sharp bends, like in a cylinder.
The special air intake nozzle was designed in SOLIDWORKS and 3D printed,
taking advantage of the rapid prototyping capabilities of the technology. Dimensions
were taken from inlet locations on the stripped down leaf blower in Figure 3.7. Several
iterations of the design were completed (seen in Figures 3.8 - 3.10). The inlet port count
and the sealing fit over the impeller chamber were major features constantly improved
with each successive print. The single inlet port eventually evolved into three inlets to
connect with the PVC vacuum tubes. Note that each new version included sectioned
pieces in order to accommodate for 3D printer bed space limitations. These sections were
later bonded together with epoxy resin. Figure 3.8 shows the first iteration which
included a single inlet. A ¾ inch piece of PVC pipe was glued into place with a four way
cross tee fitted on top.

Figure 3.8: First iteration of air intake nozzle

The nozzle was sealed onto the base of the leaf blower over the impeller with blue tape to
prevent air leaks. To observe the vacuuming power of each nozzle, the system was
powered on at 50% throttle and a piece of paper was placed over one of the inlets as seen
in Figure 3.9.
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Figure 3.9: First iteration air intake nozzle sucking piece of paper at 50% power

Here, a piece of paper was held in place under the suction power of the system.
Additionally, hands were placed over the other inlets to quickly test the effect of blocking
off inlets on suction power. This method convinced the team that at least 3 inlets could be
added to the nozzle, as described in Table 3.3 above, without negatively affecting
vacuuming power. The farm visits conducted in the Spring 2022 further convinced the
team to use three inlets in a parallel-grouped configuration as opposed to a single tee
cross fitting. The team also learned that asymmetry in the pipe arrangement could cause
suction losses. With these new considerations, a new iteration was produced that is seen
in Figure 3.10. This second iteration was tested again using a similar approach as the first
and then mounted onto the RoboVac frame. Note that this design uses three inlets and 45o
elbow fittings to mount the vacuum tubes at angle. It is fully mounted in Figure 3.11.

Figure 3.10: 3D printed Retrofit Air Intake with PVC attachments
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3.2.4 Final Design
Figure 3.11 shows the final design of the air intake nozzle with the modified PVC
vacuum tubes attached. The design serves as an adaptor for the vacuum tubes and an
enclosure for the leaf blower impeller.

Figure 3.11: Final air intake nozzle attached to Ryobi leaf blower and vacuum tubes

The conical nozzle design helps the leaf blower impeller maximize the vacuuming
pressure difference from the atmospheric air and the power of the vacuum tubes. The
nozzle is also sealed over the impeller chamber with blue tape. A small hole was added
for passing the ESC motor connections through the nozzle. Although there were many
benefits to designing in SOLIDWORKS and 3D printing the nozzle including low
manufacturing costs, quick turnaround time, and the ability to make multiple copies,
future improvements and fine tuning should be conducted to select the best materials and
optimal nozzle designs.
3.3 Electronics
3.3.1 Introduction
New additional electronics were required for the system since the existing Ryobi
electronics could not be used or repurposed. The majority of these electronics may be
adapted into the AgRover during an integration period as part of future work. These new
electronics achieved three objectives - started the motor up without any issues, provided
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enough power to create suction for vacuuming bugs, and provided adequate protection
for the electronics array itself and team member’s who operated RoboVac during testing.
3.3.2 Initial Testing and Development
The team learned early that the Ryobi leaf blower’s electronics were not designed
to be interchanged with other parts, especially the snap-on batteries included during
shipment. Many things could not be reused, rewired, or repurposed. The unit’s built-in
brushless motor required an Electric Speed Controller (ESC) to send throttle inputs to the
motor. In addition, the ESC needed to be connected to a physical manual controller
(potentiometer) to send desired throttle inputs to the motor. This controller was especially
important for conducting field tests since they were done by hand. The initial layout for
the electronics is presented in Figure 3.12.

Figure 3.12: Electronic schematic

There were limited electronic specifications provided by Ryobi forcing the team
to perform small side tests and iterations for gauging the voltage required and maximum
current passthrough for the motor. This helped influence the final electronics selected for
the subsystem.
3.3.3 Expected System Requirements
Table 3.4 lists the electronics requirements and their priority rank developed from
the initial tests described above and consultation from team advisors.
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Table 3.4: Electronics System Requirements
Requirement

Priority

Selection of Battery 24V < 𝑥 ≤ 40V to
operate brushless motor

HIGH

ESC has high passthrough current for
continuous and peak loads

HIGH

ESC has overcurrent protection

HIGH

Electronics must not have any exposed
leads

HIGH

System must have a power switch

MEDIUM

ESC has heat dissipating design

MEDIUM

Battery is lightweight

LOW

ESC has battery-powered equipment
(BEC) connectors to power manual
controller

LOW

Manual controller/potentiometer is a
remotely controlled system

LOW

3.3.4 Alternatives and Tradeoffs
As listed in section 3.3.3 above, a powerful battery was needed to adequately
power the leaf blower. Although a lightweight battery would have been ideal, the team
decided to compromise with a battery that could provide at least the minimum amount of
required power. Attempting to source a lightweight battery likely would have cost
additional time and expense to the budget, something unnecessary considering this
system would serve more as a proof of concept. The team was able to source a 50Ah 24V
BB5024 marine battery from the RSL which met the power requirements. This battery
contributed a significant amount of weight to RoboVac but was a minor trade-off in order
to showcase the functionality of RoboVac.
Similarly for the manual controller, investing resources and time into a remotely
controlled system was counterproductive and unnecessary. When RoboVac will be
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integrated in the AgRover, future teams may decide to use cheaper options such as a
servo master controller. The current Dilwe RC Motor Servo Tester was practical for the
greenhouse testing.
3.3.5 Analysis and Design Process
The stock Ryobi leaf blower was powered by 40V 6Ah batteries in parallel. They
could not be used in the system because they were smart batteries hardwired for the
original leaf blower electronics. An external battery was needed. Using a variety of
batteries (including 12V LiFe batteries) and other electronics (including T-motor 40A
ESCs and 40A fuses) on hand in the RSL, various tests were done to find the optimal
battery range for powering the motor on, achieving optimal throttle values, and supplying
sufficient suction power to capture thrips. These were similar to the initial side tests
described in section 3.3.2. Motor stalling is more likely with lower battery voltages.
Figure 3.13 shows one setup used with 12V LiFe batteries. This first attempt resulted in
the motor stalling.

Figure 3.13: First attempt to power Ryobi leaf blower with 12V LiFe batteries
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A second test used the 50Ah 24V BB5024 marine battery mentioned in the
alternatives and tradeoffs section 3.3.4. This setup blew the 40A fuse within the ESC
(silver box in Figure 3.13), necessitating the purchase of more robust fuses and an ESC.
The requirements for the systems needed to be >60A rated. Table 3.5 shows three
different types of ESCs with their specifications that were considered. The priority was
selecting the system with the highest continuous and burst maximum. High heat
dissipation was a minimum concern. As a result, the Spektrum Avian ESC was selected.
Table 3.5: ESC considerations for new electronic systems.
Spektrum Avian
Spektrum Firma
FMS Predator V2
Brushless Smart ESC Brushless Smart ESC Brushless ESC
Max Input
Voltage

22.2 V

14.8V

22.2V

Continuous
Maximum
Current

100 A

110 A

100 A

Burst Maximum
Current

120 A

760 A

120 A

Cooling Fan and
Heat Sink

Yes

Yes

No

BEC

Yes

Yes

Yes

Price

$99.99

$99.99

$83.19

For the fuse, a 60 Amp rated fuse and a servo master were selected and the system
was assembled for a third analysis. In addition, aluminum mechanical lugs were obtained
for the battery terminals to reduce the hazard of the wire leads touching the positive and
negative terminals. The setup is shown in Figure 3.14. After performing a test run, the
motor was successfully able to start up and reach 50% throttle, generating enough
airflow. Using an anemometer at the exit of the leaf blower airspeed data was gathered in
an Excel file located in Appendix D. On average the airspeed was 24 MPH which is
much more significant than the 9 MPH max speed measured on previous T-motor
propeller systems.
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Figure 3.14: Second attempt to power Ryobi leaf blower, this time with 24V battery

3.3.6 Final Design
The final electronic design is shown in Figure 3.15. Table 3.6 displays the
subsystem specifications that highlight parameters and requirements such as power,
allowable current and amp hour runtime. Overall, the system powered the brushless
motor successfully. The servo controller easily inputted the throttle speeds and held them
which was especially useful for the greenhouse field tests. The 24V battery worked well
enough to start the motor up. Unfortunately, due to time constraints a toggle or push
button switch for increased safety could not be implemented into the final design.

Figure 3.15: Final Design of Electronic Subsystem
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Table 3.6: Electronic Subsystem Specifications.
Specifications

Parameters
Value

Units

Allowable Current

100

A

Voltage

24

V

Battery run time

50

Ah

14.5

kg

Weight

3.4 Frame
3.4.1 Introduction
The frame for RoboVac serves two purposes: to attach to the AgRover at any time
and to adjust the height of the vacuuming assembly to accommodate different plant
heights. The structure utilizes hollow, anodized aluminum T-slot beams, which allow the
frame to be lightweight as well as corrosion resistant, a required property to operate in the
greenhouse’s humid environment. The T-slots also allow for quick assembly using
fastened connections. In all, these slots enable a modular design which has faster
assembly times for integrating into the AgRover, is cost effective (COTS availability),
and reliable.
3.4.2 Initial Testing and Development
The basic structural concept of the frame was a beam supported at the ends with a
vertical load applied midspan. Hence, the focus was to combat the bending stress that
would occur at the center of the beam. 40x40 mm T-slot beams with solid cross sections
were selected to maximize the area moment of inertia, thus maximizing stiffness. The
first iteration of the frame was a basic rectangular frame as shown in Figure 3.16 below.
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Figure 3.16: Baseline frame design

A flat wood board for the electronics was fastened to the top of the frame as
shown in Figure 3.17. During the first test at the greenhouse, it was immediately
observed that RoboVac was too heavy to work with due to the solid T-slot beams and
battery. The test plan required two users to support both sides of the frame, however they
noted it as unwieldy and required a third user to support the battery to comfortably
conduct the test. Figure 3.18 illustrates this observation, showing the two team members
tasked with testing RoboVac, with the battery separated from the frame. From these
notes, the team determined that this initial iteration would make it difficult for clients to
mount RoboVac onto the AgRover, thus failing to fulfill that requirement.

Figure 3.17: Battery mounting initial setup
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The team also noted that the weak points of the frame were at the bolted joints
rather than the center spanning beam since the joints had a tendency to shift when the
frame twisted or was placed to rest on the floor. Since the internal hex drive fasteners
have a low torque limit that can be applied (out of concern of stripping the fasteners), a
decision was made to add more fasteners and bracing to further strengthen the joints.

Figure 3.18: Team at Jacobs Farms in Watsonville

Based on these observations, a second iteration of this design was developed to
achieve greater mobility, as well as to strengthen the bolted joints. This iteration involved
two separate frames: a frame to support the vacuum similar to the first iteration, and a
battery cage shown in Figure 3.19. respectively. The frame now utilized hollow T-slot
beams which significantly reduced weight, but added more fasteners. The battery cage
also used hollow T-slot beams to maintain low weight and was designed ergonomically to
accommodate for the weight of the battery. This improvement increased mobility by
separating the battery from the original frame and by reducing weight.The new design
was also more frugal since hollow T-slot beams were more affordable than solid beams
by about 35%. The third iteration of the frame added wheels and a battery mount onto the
main frame itself. This increased the safety and mobility of the prototype frame.
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Figure 3.19 (a. (left) & b. (right) ): Battery cage (a) and third frame iteration (b)

It was used mainly for presenting RoboVac during the Senior Design conference
as shown in Figure 3.20. An iteration of this design may be built to accommodate farmers
such as those at Jacobs Farm’s greenhouse.

Figure 3.20: Presentation frame with wheels and battery mount
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3.4.3 Expected System Requirements
To ensure that the customer needs and size constraints are met a list of dimensions
were tabulated in Table 3.7.
Table 3.7: Frame Subsystem Requirements
Category

Requirements

Weight

< 40 kg

Workspace Width

920.75 mm

Workspace Height

1054.1 mm

3.4.4 Alternatives and Tradeoffs
In light of the current disposition of RoboVac, one viable material alternative
might be wood beams, which offer adequate structural properties and are significantly
more cost effective. While a desirable alternative, one major tradeoff would be its ability
to combat moisture degradation. Since the application of RoboVac will be in the
greenhouse of Jacobs Farms, the high humidity will lead to rotting in the wood beams.
Another alternative is using 1x1 inch T-slot beams, a much smaller profile
compared to the current 40x40 mm beams, which would reduce weight and cost. The
main drawback is that additional adapters and different sized fasteners would need to be
purchased in order to mount onto the AgRover, which is already at the 40x40mm scale.
To maintain ease of assembly, RoboVac was built with similar scale hardware used in the
AgRover. There is also a possibility that the heavy loads caused by the electronics, in
particular battery and vacuum, will cause significant bending on the centerspan beams,
leading to permanent deformation. A tradeoff analysis of different design options were
considered in Table 3.8. Although the weight (kg/mm) of the 1” x 1” hollow T-slotted
aluminum extrusion is nearly half the 1.5” x 1.5” option, the tradeoff is small considering
the added structural bonus of the 1.5” x 1.5” wide hollow extrusion. This is further
explored in the proceeding Analysis and Design considerations section.
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Table 3.8: T-Slotted Design Options
1" High x 1" Wide
Hollow T-Slotted
Framing (1ft)

1.5" High x 1.5"
Wide Solid
T-Slotted Framing
(1ft)

1.5" High x 1.5"
Wide Hollow
T-Slotted Framing
(1ft)

Weight (kg/mm)

0.000757

0.00201

0.00165

Price

$8.97

$15.66

$9.81

3.4.5 Analysis and Design Considerations
As mentioned in the design process section the focus of the frame was to prevent
bending stresses that would occur at the center of the 1.5” x 1.5” hollow T-Slotted
aluminum extrusion. Another consideration to make was an analysis of how much
reinforcement the frame needed and if this T-Slotted design was feasible to ensure it
could support the weight of the battery and vacuum. As a result, a FEA stress analysis
study was conducted. The simulation involved a 80/20 Aluminum Extrusion and point
loads representing the weights of the battery and vacuum. This allowed subsystem failure
and prevented excessive expenses and delay, helping the team purchase exactly what was
needed.
There was a 31 lb point load representing the battery and a 30 lb point load
representing the vacuum. The planned placement of the vacuum system was at the center
of the frame. To avoid being too heavy at the center, the distance from the end of the
extrusion was 16.5 inches, and the battery was placed 22 inches from the same end. The
extrusion was 3ft (914.4 mm) which was below the maximum length of the frame set by
the customer. Assumptions in the simulation included the extrusion being fixed on both
ends mounted to the AgRover. The simulated material properties were for 6061-T6
Aluminum alloy. A mesh was added to the extrusion and the simulation was run.
Results of the FEA are depicted in figures 3.21, 3.22, and 3.23 with the highest
values of displacement, stress, and strain tabulated in Table 3.9.
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Figure 3.21: Displacement plot (mm)

Figure 3.22: Stress plot (MPa)
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Figure 3.23: Strain plot

Table 3.9: FEA results
FEA simulation

Results

Stress

13. 60 𝑀𝑃𝑎

Displacement

0.02389 𝑚𝑚

Strain

1. 608 × 10

−4

As shown in the simulation results and table above, the 1.5” x 1.5” Aluminum
T-Slotted extrusion did not indicate any critical stress that exceeded the yield stress,
significant deflection, or strain on the extrusion to cause deformation or failure. Hence,
this study was a success, and the frame is able to withstand the maximum expected loads
and vacuuming operations while in use. The maximum displacement is at 0.02389 mm
which is not a large enough concern. Given this is the maximum amount of load a single
extrusion will take on, the final design will involve two or three parallel extrusions for the
base of the electronics and vacuum subsystems to mount onto, so the loads will be either
half or a third of the simulation. The maximum stress on the extrusion was 13.6 MPa,
which is notably less than the yield strength of the extrusion at 275 MPa, reassuring the
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framing is adequate. The maximum strain is around the center of the extrusion close to
the vacuum load point. However, strain is experienced at fixed ends of the extrusions as
well. The value of maximum strain is 1. 608 × 10

−4

which is negligible. In all, the FEA

study validated the initial design selection for the 1.5" x 1.5" Hollow T-Slotted
Aluminum Extrusion to hold the target weight of the electronics and vacuum.
3.4.6 Final Design
The final Frame design is shown in Figure 3.24. In addition to the figure, Table
3.7 recaptures the subsystem parameters and meets customer requirements including
width, height, and weight.

Figure 3.24: RoboVac Structural Frame
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4. System-Level Integration, Testing, & Results
This section provides an in-depth overview of the field and bench testing process
of RoboVac and reference design, the bug vacuum currently used by Jacobs Farms. The
field testing involved collecting bug-capture data for thrips on chives plants located
inside the Watsonville greenhouse. The obtained data was processed using a
custom-written program to provide a robust bug collection rate for each device. Battery
runtime bench testing was also conducted to ensure that the system is energy efficient and
meets the system requirement for future autonomous work. This series of integrated
system testing validated RoboVac’s performance over the existing reference design used
by the farmer.
4.1 Field Test Overview
Testing was conducted at the greenhouse of Jacobs Farms Del Cabo in
Watsonville, CA. The site is one of the potential end-working environments for a final
deployed version of the system. Additionally, the crops were isolated from the elements,
allowing for the conditions to be closer to ideal. The following procedure was conducted
to test the effectiveness of both RoboVac and the current bug vacuum used at Jacobs
Farms (Jacobs Farms Bug Vac):
1. Set up the test site:
a. Isolate one block of untouched, unvacuumed rows of chives.
b. Select one row as a control, one for testing the Jacobs Farms Bug Vac, and
two for testing RoboVac.
2. Obtain a control sample:
a. At the control row, randomly select 3 individual plants along half of the
row and agitate against a black, opaque surface.
b. Count the amount of thrips caught on the surface. This will be the control
population.
c. Clean off the surface and repeat for the second half of the row.
3. Test the Jacobs Farms Bug Vac
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a. Allow the field workers to conduct their vacuuming operations along the 2
test rows while timing.
b. When complete, randomly select 3 individual plants along half of the
vacuumed row and agitate against the clean opaque surface.
c. Count the amount of thrips caught on the surface.
d. Clean off the surface and repeat for the second half of the row.
4. Test RoboVac
a. Conduct a timed vacuuming operation along both RoboVac test crops,
maintaining constant speed and height.
b. When complete, randomly select 3 individual plants along half of the row
and agitate against the clean surface.
c. Count the amount of thrips caught on the surface.
d. Clean off the surface and repeat for the other 3 halves of rows.

Figure 4.1: Collecting Control Sample from Chive Crops at Watsonville

4.2 Engineering Measurements and Analysis
4.2.1 Design of Measurement Software
Data was collected for the bug capture amount for RoboVac and Jacobs Farm’s
Bug Vacuum. A detailed design for mechanical measurements in data processing was
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performed to obtain the best information on the performance between the RoboVac and
Jacobs Farm’s Bug Vac.
Bug collection data was recorded and stored in Excel spreadsheets. For each
vacuum at least 20 samples were collected in order to avoid inaccurate data. To
streamline data processing, Laboratory Virtual Instrument Engineering Workbench
(LabVIEW) software was used. This software is a platform to visually construct diagrams
and blocks to automate a testing method for products and validate their use. The main
way to validate products is by processing information and data that is imputed from
recorded measurements using statistics and probability functions. Since hand calculations
of statistics and probability can become redundant and time consuming as data sets get
larger, LabVIEW is the optimal choice to adjust settings and parameters within the
software.
LabVIEW was used for the data analysis to find minimum and maximum values,
sample size, mean, standard deviation, and the cumulative probability of the data array.
The cumulative probability is defined as the probability that a random variable's value
will fall within a certain range. In addition, these values will be used to see if the data has
any outliers that need to be rejected in order to retain a more accurate mean and standard
deviation. The mean and standard deviation will be verified via Excel calculations to
ensure that the LabVIEW program is providing accurate results. To provide an
uncertainty value in the mean, a coverage value t can be found using the Student t
distribution table that was provided by William S. Gosset (1876-1937) which can be
found in Appendix E. The coverage value t can be determined based on degrees of
freedom (shown in equation 1) where N is the number of samples in a data set and the
assigned probability in percentages (%P) which any measured value should be expected
to fall within.
(1)

𝑣 = 𝑁 − 1

These two values can be used to find the t value in the tabulated table in Appendix
E. In addition, the normal distribution function p(x) is often symmetric about the true
mean, the normal error function is used and shown in equation 2.
𝑝(𝑧1) =

1
2π
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𝑧1

∫𝑒
0

2

−β /2

𝑑β

(2)

Beta is defined as the standardized normal variate for any x-variable. The variable
z indicates the number of standard deviations from the mean. Moreover, the probability
values for this function are tabulated in Appendix F and from Theory and Design for
Mechanical Measurements by Richard S. Figliola, Donald E. Beasley [14].
To compare both the results of RoboVac and Jacobs Farm’s Bug Vac with precise
analysis, the standard deviation of the means will be calculated since this measures how
far and well the true mean of the population is from a measured mean value in a small
sample size. In other words, this provides a range of where the true mean might lie on
some probability level (or confidence interval). The standard deviation of the means
(random uncertainty) in the computed mean and paired with student’s t distribution
coverage factor, it will become the random uncertainty as shown in equation 3
(3)

𝑥 ' = 𝑥 ± 𝑡𝑣,𝑃𝑠𝑥

The remaining equations for evaluating mean, standard deviation, and standard deviation
of the means are found in Appendix G which are referenced from Theory and Design for
Mechanical Measurements by Richard S. Figliola, Donald E. Beasley [14].
Figures 4.2a and 4.2b display the front panel and block diagram of the LabVIEW
VI file, named Forghany_Vac.vi, that will be used for data analysis. This VI file first
imports the Excel data, saved as a CSV file, into LabVIEW. After the data is extracted
into arrays, then the program deletes and indexes the data into a single array with the raw
data since the CSV file contains other calculations and word headings. The array goes
through a series of block functions, computes the histogram (using 10 bins), max/min
values, mean, standard deviation and the formula for determining if a max or min value
in a data set is an outlier by setting up equation 4.
(1 − 2𝑃(𝑧)) <

1
2𝑁

(4)

This equation is also known as Chauvenet’s criterion which finds outliers being
less than a change of occurrence “1/2N” and “p(z)” being the normal error function. If
this inequality is true then the questionable data value is rejected. Therefore, the new
mean and standard deviation are reported. Performing outlier detection is a common
practice since it is not uncommon as they are caused by simple measurement mistakes or
glitches. The convenience of LabVIEW enables users to switch between the max and

45

minimum values using a logic button in the front panel and an indicator if the inequality
is true.

Figure 4.2 (a. (top) & b. (bottom) ): Front panel (a) and block diagram (b) of Forghany_Vac.vi
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4.2.2 RoboVac Data Analysis and Results
After Performing the analysis through LabVIEW, the data had an outlier as
indicated by the left front panel in Figure 4.3a. The right panel, Figure 4.3b, displays the
indicator not flashing after taking the outlier in the data set.

Figure 4.3 (a. (top) & b. (bottom) ): Front Panels of Forghany_Vac.vi with RoboVac data

After the new reported mean and standard deviation from LabVIEW (which was
verified in Excel), the true means were computed based on three confidence intervals in
Table 4.1 after removing the outlier from the original raw data set.
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Table 4.1: Data Analysis of RoboVac bug capture effectiveness
Samples

𝑁 = 21

Mean value

𝑥 = 0. 881

Standard deviation

𝑠𝑥 = 0. 0574

Standard deviation of the means

𝑠𝑥 = 0. 0122

Degrees of freedom in the data set

𝑣 = 21 − 1 = 20

Student t-distribution (50%)

𝑡20,50 = 0. 681

Student t-distribution (90%)

𝑡20,90 = 1. 72

Student t-distribution (95%)

𝑡20,95 = 2. 83

True mean value (50%)

𝑥 ' = 88. 1% ± 0. 0425%

True mean value (90%)

𝑥 ' = 88. 1% ± 2. 11%

True mean value (95%)

𝑥 ' = 88. 1% ± 3. 47%

To demonstrate how much error the outlier would have contributed to the
comparison of the device’s performance and validation, Figures 4.6 and 4.7 are presented
which were computed via MATLAB’s histfit function that produces a normal distribution
curve fit as well, see Appendix H for the scripts used.
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Figure 4.4: RoboVac bug collection histogram before removing the outlier

Figure 4.5: RoboVac bug collection histogram after removing outlier
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Clearly shown between the two images, the outlier affects the fitted distribution
curve of the normal distribution which would be reported as inaccuracies. These can
cause an offset of the sample mean value estimate, engross the random uncertainty
estimates, and can also alter the least-squares correlation.
4.2.3 Jacobs Farm Bug Vac Data Analysis and Results
After repeating the analysis with the Jacobs Farm Bug Vac data set, there were no
outliers, so the same mean and standard deviation were used as found from LabVIEW
and placed in the Excel spreadsheet to compute the true means based on three confidence
intervals in Table 4.2. Figure 4.8 displays the front panel.
Table 4.2: Data Analysis of RoboVac bug capture effectiveness
Samples

𝑁 = 20

Mean value

𝑥 = 0. 80

Standard deviation

𝑠𝑥 = 0. 075

Standard deviation of the means

𝑠𝑥 = 0. 016

Degrees of freedom in the data set

𝑣 = 20 − 1 = 19

Student t-distribution (50%)

𝑡20,50 = 0. 688

Student t-distribution (90%)

𝑡20,90 = 1. 73

Student t-distribution (95%)

𝑡20,95 = 2. 86

True mean value (50%)

𝑥 ' = 80. 0% ± 1. 08%

True mean value (90%)

𝑥 ' = 80. 0% ± 2. 80%

True mean value (95%)

𝑥 ' = 80. 0% ± 4. 48%
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Figure 4.6: Front Panel of Forghany_Vac.vi for Jacobs Farm Bug Vac data

Using MATLAB, the histogram for the raw data was plotted along with a fitted
normal distribution curve in Figure 4.9.

Figure 4.7: Jacobs Farm Bug Vac collection histogram
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4.3 Field Test Analysis and Device Validation
After performing the analysis on both devices, by examining the 90% confidence interval
for both true means obtained, RoboVac outperformed the Jacobs Farm’s Bug Vac at a capture rate
of 88. 1% ± 2. 11% vs 80. 0% ± 4. 48%. The main discrepancy between consistent

data for Jacobs Farm’s Bug Vac has to be the inefficiency and inconsistency of
vacuuming bugs which the owners of the farm operations mentioned. After many years of
use, the machine has worn significantly and the hydraulic motors and fan blade are
starting to wear out producing more inconsistent data sets. From Figure 4.9 of the Jacobs
Farm Bug Vac’s histogram, there is a fairly defined average, but the data in general has
jumped between large uncertainties. Therefore, RoboVac has shown not only higher bug
capturing in each furrow but also fairly precise in its mean value. Nonetheless, it is
important to note that RoboVac and Jacobs' Farm Bug Vac data indicate that the analysis
is better than the data provided. In other words, there are too few data points. In future
testing, more data should be taken during field testing.
4.4 Runtime Test, Results, and Analysis
Beyond the field testing conducted at the greenhouse, the electrical system was
also bench-tested to determine the runtime using the battery supply. Current draw was
measured at max fan rpm using a multimeter wired in series between the battery and
electronics. Battery manufacturer supplied voltage and capacity values are summarized in
Table 4.3. Refer to Appendix I for the formulas used in Excel.
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Table 4.3: Estimated Runtime Calculations
Variable

Value

Value assuming ~25%
efficiency loss

Measured current draw [A]

17

-

Supplied voltage [V]

24

-

Power [W]

408

500

Supply capacity [Wh]

1200

-

Runtime [h]

2.94

2.4

Assuming an estimated ~25% efficiency loss to account for friction losses in the
motor, resistance across contacts, and losses due to heat generation of the ESC, RoboVac
will have an estimated runtime of 2.4 hours before requiring a battery change. While this
value is under the 4-5 hour runtime requirement, it can be made up for by increasing
capacity, reducing current draw by lowering the fan rpm, or tapping directly into the RSL
AgRover’s onboard battery supply.
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5. Professional Issues
The rapidly growing agriculture technology (AgTech) industry is helping farmers
solve current labor and food production issues. These companies develop autonomous
solutions that accelerate farming processes, safety, and food security across the US and
globally. This section addresses some of the ethical questions which may arise from new
developments in AgTech. In addition, it covers safety concerns and reports the team plans
used to reduce risk of a hazard occurring while RoboVac was being completed.
5.1 Ethics statement
The RoboVac project will be part of a broader series of automated agricultural
projects under the direction of the SCU Robotic Systems Laboratory, serving as both
teaching resources for real-world robotics applications as well as game-changing
technology in the farming industry. The ethical justifications for this project include a
common good dimension and utilitarian dimension. The common good that this project
fulfills is in serving the SCU’s community of students and researchers, especially those in
STEM fields. It serves their needs by providing a physical model for lessons taught in the
classroom, which accommodate kinetic learners and the needs of STEM students to
engage in real-world problem-solving.
The utilitarian dimension stems from the benefits of implementing an autonomous
farming device that outweighs the costs of traditional methods. The greatest detriment to
consider is the reduction in demand for farm workers which will impact communities that
rely on agriculture employment, such as migrant workers. This is a common argument
made broadly by critics of automation, however, what they fail to recognize is the
potential boost in productivity by the current labor force when farms implement
autonomous technologies. Current pioneers of autonomous systems in the agriculture
industry like Monarch Tractor, GUSS, and Bear Flag Robotics, target their systems to
farms that regularly undergo routine hazardous farming operations, such as spraying
pesticides. This operation requires farm workers to wear PPE and to wait hours before
safely entering the fields to harvest crops, but by applying autonomous technologies,
spraying can be done without harming workers and outside of typical working hours.
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This allows for farms to direct labor and resources towards subsequent operations, thus
boosting productivity by efficiently using the current pool of labor and resources. The
greater benefits also include faster, more flexible production from an automated system, a
solution to current labor shortages caused by immigration policies and COVID-19. The
products of farming also serve a much larger consumer community who benefit by
fulfilling their universal right to food.
The team also discussed the following ethical challenges about safety and risk
management. For safety, the team is integrating safety measures into the final design to
minimize the risk of a non-technical person being harmed when interaction with the
project is essential. Due to the project being completed through the RSL (Robotic
Systems Lab), there is already a set of safety standards to which the project must uphold.
The RSL’s mandatory safety training and quizzes have given the team the tools necessary
to implement safety precautions so that anyone handling the equipment will be safe. If
team members do not oblige then the project cannot be completed. Although there will be
built-in safety features, the use of machinery is inherently dangerous and it is important
to remind users to operate machines with caution. Accidents happen, however
preventable mistakes should not. There is also the risk of proprietary knowledge
becoming the property of an entity outside of SCU which is protected by a submission of
a final senior design thesis to graduate from the School of Engineering. For the public,
this includes people in the future who will work on the RoboVac and other RSL systems.
It also includes prospective clients, such as local farmers, who may interact with or use
technologies developed by the RSL. Depending on whether RoboVac will become a
service or a product to sell to the clients, safety sheets, instructions, or training need to be
provided if sold. For informed consent, team members are aware of the risks of working
in the RSL and have consented to follow through on the listed protocols and actions
proposed in the team safety form. Consent was given when each team member and the
approving bodies read and signed the safety form. To eliminate the challenge of
misinformation amongst team members exposed to the risks, the approved safety form
was drafted collectively as a team.
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6. Conclusion
This section is a reflection of the project results and takeaways. The overall
purpose and intent is re-evaluated to see if RoboVac met the stakeholder requirements
and if the team presented a design that is a viable solution to the alternative existing
solutions in the market and Jacobs Farm’s Bug Vac. The future work and goals highlight
integration with the AgRover platform to automate and power the pest management
processes by RoboVac. RoboVac’s design, field results and analysis are examined to
determine the widespread change and impact it has on the target stakeholders. Moreover,
RoboVac characteristics highlight the benefits of return in investment, sustainability, and
practicality that other existing bug vacuum solutions in terms fall short of.
6.1 Project Summary
The RoboVac project intended to create a farming tool that would assist farmers
with manual processes that would otherwise require extensive manpower and working
hours. In light of current labor shortages and the looming demands of produce
consumers, there is an ever present need to find more efficient farming methods.
Additionally, organic agriculture operations are constantly challenged with removing
pests and maintaining chemical free productions which come at a high cost. Without a
progression to automated farming methods, the alternative reality would be the
dissolvement of local producers, a shrinkage of the farming industry, economic losses,
and an increase in imports. Some of these effects are currently happening. Over a period
of nine months, the student team worked on an automated tool attachment that would
help streamline farming activities and contribute to the future industry of autonomous
farming. SCU RSL and Jacobs Farms were the clients for the duration of the project
providing engineering resources, testing facilities, and project guidance. The project
evolved over two different phases which included two distinct prototypes and a change in
the design problem. The first phase focused on designing a system that would combine
the capabilities of a vacuum and air blower into a single integrated system in order to
remove bugs and water from crop beds. This system was an attempt to scale down and
electrify existing commercial gas-powered solutions in order to fit the size and hardware
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capabilities of the AgRover chassis. Results from the CFD simulations, initial prototypes,
and performance tests for this system indicated that a similarly performing electric
system scaled for the AgRover could not be safely or practically achieved. These
outcomes along with revised requirements from Jacobs Farms necessitated a change in
the design philosophy and a second design. The new philosophy included designing a
tool attachment that would remove insects from crop beds. The design was based on an
electric leaf blower platform repurposed for vacuuming operations. This repurposing
included several key subsystems including vacuum intake tubes, a retrofit air intake
nozzle, new onboard electronics, and a modular framing system. Each subsystem was
developed based on smaller initial side tests leading to design requirements followed by a
design process that finished with a final subsystem design. This second phase of the
project and new version of RoboVac was tested inside the Watsonville greenhouse owned
by Jacobs Farms and compared against the bug vacuum in current use over there. Overall,
the RoboVac was able to meet a majority of the client requirements. A few of the most
notable ones include physically removing bugs with pesticides, which was fulfilled by
removing 88% of thrips from chive crops in a single pass; being adjustable for different
plant heights, which was addressed through an adjustable frame and modular PVC intake
vacuum tubes; and compatibility with the AgRover platform, which was achieved with
80/20 T-slot construction materials.

Figure 6.1: RoboVac integrated with RSL’s AgRover
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Figure 6.1 depicts the RoboVac toolkit attached to the AgRover chassis which will
provide mobility and autonomous control. Some factors to control will include crop bed
traverse speed, airflow speed, airflow direction, and plant height adjustment. These are
goals for future work.
6.2 Future Work
While the project has achieved its goal of creating a functioning bug vacuum,
more work and resources are required to achieve the ultimate goal of creating a system of
modular attachments for the RSL AgRover similar to RoboVac. In the immediate future,
RoboVac will need to be electrically integrated into the AgRover by divorcing it from the
external battery and taking advantage of the AgRover’s on-board tappable power, thus
automating the vacuuming process. In the long term, more pipe configurations will need
to be designed and tested to optimize for different crop types. This vacuum tube design
was made to maximize bug removal on tall, slender, and compliant crops like chives,
however short crops like strawberries or dense, structured crops like thyme require
different configurations and designs.
6.3 Impact
The RoboVac proved to be an effective bug vacuum, actively removing 88% of
bugs in a single pass whereas the existing Jacobs Farm Vac was removing ~80% after
two passes over a single row of crops. Not only is RoboVac more effective at removing
bugs, it also achieves this without emitting the harmful gasses resulting from existing
gas-powered bug vacuums. This is especially impactful to Jacobs Farms, where their bug
vacuum was being used inside a greenhouse while field workers were harvesting crops.
The combination of heat, humidity, and emissions makes for both an uncomfortable and
hazardous work environment. Therefore removing these gas emissions would contribute
to healthier crops and workers. Additionally, the vacuum tube design allows for simple
augmentation for different crop beds and plant heights, meaning that each row of crops
can have the vacuum tubes placed at the optimal height for maximum bug removal. The
adaptability of the RoboVac is something not seen in existing bug vacuums, and is
another aspect that sets it apart from the competition.
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Existing bug vacuums are normally gas-powered hydraulic machines that are very
expensive to manufacture and are typically called for large operations. They also
most-effectively remove bugs from the top of the crops, despite the fact that most of these
pests are located around the base and mid-section of the crops. The RoboVac is
dramatically cheaper than many existing bug vacuums and is significantly easier to
replicate. By purchasing the leaf blower used in the RoboVac, 3D printing the nozzle, and
modifying PVC tubes, it is possible to recreate the RoboVac anywhere. The RoboVac was
commissioned to be compatible with the RSL’s AgRover, however with some
modifications, the RoboVac can be adaptable with other existing equipment farmers
already own such as compact tractors.
In conclusion, the RoboVac is a cost effective, efficient, fully electric bug vacuum
that is competitive with other existing solutions. Its efficiency to remove bugs as a fully
electric model alone has the potential to attract farmers. It gives farmers the opportunity
to go organic and remove pesticides. When paired with the removal of gas emissions it
also leads to healthier crops. Healthier crops with a low cost solution does not even reach
the RoboVac’s full potential. When paired with an autonomous rover such as the RSL’s
AgRover, routes can be pre programmed and crops can be vacuumed without the need for
a human operator. When supplied with a big enough battery it can have the potential to
run through the night and save farmers thousands of dollars on labor costs, gas, and crop
loss.
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Appendices
Appendix A: Safety and Hazard Report

A-1

A-2

A-3

A-4

A-5

A-6

A-7

A-8

A-9

A-10

A-11

A-12

Appendix B: Motor Power and Torque Calculations
Motor Power conversion from shop vac

Selected Motor

VEVOR brushless motor 2kW1
Rated Torque: 566.45 oz.in
Torque from the selected propeller (REVCO)2

1

Amazon.com: Vevor Electric Brushless DC motor,48v 2000W brushless ... (n.d.). Retrieved May
27, 2022, from https://www.amazon.com/VEVOR-Brushless-48V-ControllerMotorcycle/dp/B099WNFDMC
2
Replacement propeller: 30 in Propeller Dia. (in.), 38° pitch (deg.), 6 Blades, Galvanized.
Grainger. (n.d.). Retrieved May 26, 2022, from https://www.grainger.com/product/REVCORReplacement-Propeller-30-in-10W885

B-1

Propeller Specifications
Propeller Dia. (In.)

30

Number of Blades

6
Weight per blade

Torque per blade is 42.495 oz.in
Torque total

Rated torque for the motor 523.96 oz.in
523.96 oz.in > 254.97 oz in

B-2

Appendix C: Bill of Materials (BOM)

Team 4: RoboVac Budget (BOM)
Expenses Part

Part Number Price

Qty

Extended Cost

Threaded Handle M8 x 1.25 - 50 6848K51

$9.12

4

$36.48

Gusset Bracket for 40mm High
Rail

8020-404332

$5.12

24

$122.88

Plate Brackets

8020-404320

$8.09

4

$32.36

Hand-Brakes for T-Slot Beams

60585K99

$15.50

2

$31.00

Prototype Motor

B072R5G5G
R

$14.99

3

$44.97

Moisture Meter (arduino
compatible)

4026

$7.50

5

$37.50

Digital Caliper

B07DFFYCX
S

$10.99

1

$10.99

Loctite Epoxy

HC1060027

$3.59

3

$10.77

Digital Anemometer

B07JVNYNB
3

$44.99

1

$44.99

T-Nuts

13034

$1.86

75

$139.50

BHTS M8 x 1.25 - 15 (25 per
pack)

92832A594

$13.28

3

$39.84

$5.11

1

$5.11

Greartisan DC 24V 40RPM Gear
Motor High Torque Electric
Micro Speed Reduction Geared
Motor Eccentric Output Shaft
B08FBCMQY
37mm Diameter Gearbox
4

$12.99

1

$12.99

18-8 Stainless Steel Socket Head
Screw M4 x 0.70 mm Thread, 90
mm Long
91292A319

$17.87

1

$17.87

TR10-160, Rods, Threaded, M10
x 1.50 LH/RH 160 mm Long
Plated Steel with 75 mm of
thread length on each end
TR10-160

C-1

Ball Joint Rod End with Grease
Fitting M10 x 1.5 mm Internal
Thread, Left Hand

6536N32

$9.18

1

$9.18

Oil-Embedded Flanged Sleeve
Bearing for 10 mm Shaft
Diameter and 16 mm Housing
ID, 10 mm Long

6659K124

$2.36

7

$16.52

External Retaining Ring for 10
mm OD, Zinc-Chromate-Plated
Spring Steel

90154A238

$10.54

1

$10.54

Left-Hand Threaded 18-8
Stainless Steel Thin Hex Nut
M10 x 1.5 mm Thread

94450A115

$8.45

1

$8.45

Alloy Steel Shoulder Screws 10
mm Shoulder Diameter, 15 mm
Shoulder Length, M8 x 1.25 mm
Thread
92981A756

$3.69

1

$3.69

Ball Joint Rod End with Grease
Fitting M10 x 1.5 mm Internal
Thread, Right Hand

$9.18

1

$9.18

18-8 Stainless Steel Thin Hex
Nut M10 x 1.5 mm Thread, DIN
439B, ISO 4035
90710A125

$8.07

1

$8.07

Adafruit STEMMA Soil Sensor I2C Capacitive Moisture Sensor
- JST PH 2mm
4026

$7.50

5

$37.50

BTMETER BT-100APP
Anemometer w/Wireless
Bluetooth, Digital Handheld
Wind Speed Meter for Wind
Chill, Air Velocity, Temperature,
Vane Anemometer Gauge
B07JVNYNB3

$44.99

1

$44.99

Greartisan DC 12V 550RPM
Gear Motor High Torque
Electric Micro Speed Reduction
Geared Motor Centric Output
Shaft 37mm Diameter Gearbox B072R5G5GR

$14.99

1

$14.99

6536N31

C-2

Digital Caliper, Adoric 0-6"
Calipers Measuring Tool Electronic Micrometer Caliper
with Large LCD Screen, Auto-Off
Feature, Inch and Millimeter
Conversion
B07DFFYCXS
Loctite Epoxy Five Minute
Instant Mix 0.47-Fluid Ounce
Syringe (1365868)

$11.99

1

$11.99

$3.59

3

$10.77

Total Expenses:

$773.12

B0044F9KFI

Income Name/Donated Item

Part Number Price

Qty

Extended Cost

Snr. Design Project Gen.
Funding

N/A

N/A

N/A

$2,000.00

Project Team funding

N/A

N/A

N/A

$500.00

20x20mm 'T-Slot Beams 8'

5537T101

$23.03

2

$46.06

20x20mm 'T-Slot Beams 3'

5537T101

$10.69

4

$42.76

LiPo Battery

B07X3Y3LS5

$84.99

2

$169.98

ESC Extension cable 16 awg,
30 cm

B089GZ7PP
M

$9.88

2

$19.76

Ardunio Mega 2560

B0046AMG
W0

$38.31

3

$114.93

Propeller

G28x9.2
Prop4PCS/PAIR

$258.90

0

$0.00

Propeller Motor

U8ⅡKV190

$309.99

2

$619.98

Electronic Speed Controller
(ESC)

FLAME60A1
2S

$99.99

2

$199.98

SCU Makerlab 3D printing
filament

N/A

N/A

Aluminum Perforated Sheet (48"
x 48")
9305T59
Steel Perforated Sheet (36" ×
40")

9255T42

C-3

N/A

$0.00

$130.74

1

$130.74

$74.54

5

$372.70

Total Income:

$2,500.00

Total Donations:

$1,213.45

Total Expenses Before
Donations:

$1,986.57

Total After Donations:

$773.12

Remaining Income:

$1,726.88

C-4

Appendix D: Raw Test Data of Airspeed for Electronics Subsystem
Index

Time

Wind Value(ft/min)

Temp(°F)

0

16:38:18

2067

73.2

1

16:38:19

2067

73.2

2

16:38:20

2067

73.2

3

16:38:21

2067

73.2

4

16:38:22

2047

73.2

5

16:38:23

2047

73.2

6

16:38:24

2047

73.2

7

16:38:25

2086

73.4

8

16:38:26

2165

73.4

9

16:38:27

2165

73.2

10

16:38:28

2165

73.2

11

16:38:29

2165

73.2

12

16:38:31

2126

73.2

13

16:38:32

2126

73.2
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Appendix E: Student t-distribution Table

E-1

Appendix F: Probability Values for Normal Error Function

F-1

Appendix G: Probability and Statistics Equations and Formulas
Formulas used for engineering data analysis for RoboVac and Jacobs Farm Bug Vacuum

𝑥=

𝑠2x =

1
𝑁

𝑁
𝑖=1

1
𝑁−1

𝑁

(

∑ 𝑥𝑖 − 𝑥

𝑖=1

2

𝑠𝑥 =

𝑠𝑥 =

(eq G.1)

∑ 𝑥i

𝑠𝑥 =

(

)

2

1
𝑁−1

(eq G.2)

𝑁

(

∑ 𝑥𝑖 − 𝑥

𝑖=1

))
2

(eq G.3)

𝑠𝑥

(eq G.4)

𝑁

𝑥 ± 𝑡𝑣,𝑝𝑠𝑥

(P%)

(eq G.5)

G-1

Appendix H: MATLAB scripts
RoboVac_Hist_NoOutlier.m
data = [0.88 0.84 0.94 0.86 0.82 0.9 0.98 0.92 0.82 0.86 0.9 0.98 0.84 0.9 0.82 0.88 0.98 0.84 0.94 0.82 0.8 ];
bins = 10;
h = histfit(data,bins)
ylabel('Sample Count')
xlabel('Bin')

RoboVac_Hist_Outlier.m
data = [0.88 0.84 0.94 0.86 0.82 0.9 0.98 0.92 0.64 0.82 0.86 0.9 0.98 0.84 0.9 0.82 0.88 0.98 0.84 0.94 0.82 0.8 ];
bins = 10;
h = histfit(data,bins)
ylabel('Sample Count')
xlabel('Bin')

JFvac_Hist.m
data = [0.88 0.84 0.94 0.86 0.82 0.9 0.98 .64 0.92 0.82 0.86 0.9 0.98 0.84 0.9 0.82 0.88 0.98 0.84 0.94 0.82 0.8 ];
bins = 10;
h = histfit(data,bins)
ylabel('Sample Count')
xlabel('Bin')

H-1

Appendix I: Excel Device Runtime Calculations

Current
Draw

Voltage

17

Power w/
Eff loss

Power

24

408

Hours
Available w/
Efficiency
Losses

Supply Capacity Hours
(Wh)
Available

500

1200

2.941176471

(eq I.1)

𝑃𝑜𝑤𝑒𝑟 [𝑊] = 𝑉𝑜𝑙𝑡𝑎𝑔𝑒 [𝑉] * 𝐶𝑢𝑟𝑟𝑒𝑛𝑡 [𝐴]
𝐻𝑜𝑢𝑟𝑠 𝐴𝑣𝑎𝑖𝑙𝑎𝑏𝑙𝑒 =
Rows Per
Block

Blocks

Length of
Row

𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦 [𝑊ℎ]
𝑃𝑜𝑤𝑒𝑟 [𝑊]

Total length

32

10

100

32000

16

10

200

32000

I-1

2.4

(eq I.2)

Abs
Length
64000

Time (min)
per ft
0.01125

Time to
vacuum all
12

